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Introduction

19
There is a growing interest towards environmentally sound hydraulic engineering, which attempts to 20 combine technical requirements and ecological aspects in the management of rivers, brooks, and drainage 21 channels (e.g., Hey 2009 ). One of the environmentally preferable alternatives is a two-stage channel, which 22 refers to a compound cross-section with an excavated floodplain on one or both sides of the main channel 23 (e.g., Powell et al. 2007 ; USDA 2007). The floodplain is typically designed to be annually inundated for 24 several weeks to months. The two-stage approach has been adopted e.g. in agricultural drainage (Powell et 25 al. 2007 ; Västilä and Järvelä 2011) and flood management (Geerling et al. 2008 ; Sellin et al. 1990 ) in an 26 attempt to provide both ecological benefits and improved conveyance of high flows. Another focus is often 27 on the management of in-channel transport processes of fine suspended sediment (SS). High loads of SS can 28 lead to excessive sedimentation, which decreases the conveyance and alters the morphology and habitats 29 2 (e.g., Owens et al. 2005 ). In addition, the cohesive fraction (<60 μm) conveys sorbed harmful substances 30 (e.g., nutrients, heavy metals, and pesticides) and increases turbidity, affecting benthic and aquatic biota and 31 water quality (e.g., Bilotta and Brazier 2008) . Two-stage channels can be aimed at bringing the sediment 32 processes to a state of dynamic equilibrium or at improving the downstream water quality by sediment 33 deposition on the floodplain. Compared to over-wide trapezoidal designs, the compound cross-section is 34 expected to decrease siltation in the main channel by keeping the low flow velocities high enough, which can 35 decrease the need for channel maintenance (Powell et al. 2007; USDA 2007) . 36
Compound channels are hydraulically complex because of the interaction between the main channel and the 37 vegetated floodplain. Thus, their design and management require reliable estimation of how the natural 38 vegetation affects the flow and sediment transport, which is particularly difficult for small channels where 39 individual roughness elements have a larger impact on the total resistance compared to wider and deeper 40 channels. Field studies in two-stage reaches often provide only a cursory description of the vegetation 41
properties (e.g., Helmiö The flow-vegetation interaction has an impact on the transport processes, and it controls the mechanisms of 62 SS supply to the vegetated floodplain. When longitudinal advection is the main supply mechanism, 63 deposition reduces the SS concentration in the downstream direction as the distance from the SS 64 5 system did not allow a reliable estimate of the erosion or deposition on the fluffy, submerged bed of the main 132 channel. The cross-sectional poles and other monitoring infrastructure were geo-referenced annually as part 133 of terrestrial laser scanning campaigns ). In the deposition analyses, we used the mean 134 annual values of net deposition and explanatory variables based on the two-year data. 135
Determination of suspended sediment transport 136
The suspended sediment transport was determined from the continuous water level and turbidity data that 137 were obtained with pressure transducers and turbidity sensors, respectively, installed in the main channel 138 (Fig. 1c) . The detailed procedure of the continuous monitoring, and the data from the downstream station 139 preceding and following the construction were reported by Västilä and Järvelä (2011) . The turbidity sensors 140 of the two stations (Analite NEP9530 by McVan Instruments) were identical and calibrated in the laboratory. 141
The cross-sectional representativeness of the turbidity measurements was optimized by positioning the 142 sensors at locations where the flow was most efficiently laterally mixed: the upstream station was located 143 after the sub-reach with the bare floodplain while the downstream station was located in a culvert (Fig. 1c) . order to exclude unreliable readings which were easily identifiable in the data. Because the reach between 156 the stations received runoff from an area comprising 2% of the total catchment and having a similar land use 157 as the catchment of the upstream station, equal turbidity values at the stations were assumed to signify that 158 no net erosion or deposition occurred in the test reach. Thus, comparing the turbidity values allowed 159 determining the timing of net deposition and erosion events because the entrained sediment was expected to 160 be transported predominantly in the suspended form. 161
Sediment properties 162
The dispersed particle size distribution of the floodplain, bed, and suspended sediment was determined with 163 a laser-based analyzer from samples collected shortly after the end of the monitoring period. The bed 164 sediment of the main channel was sampled with sediment tubes (40 mm in diameter) in each sub-reach. 165 6 Composite samples of the top 1 cm layer of the floodplain sediment were taken from the inner floodplain in 166 three sub-reaches, and the samples were ground after incinerating at 550 degrees to remove the organic 167 matter. For the analyses of the bed and floodplain sediment, 1 ml of the sample was mixed with 100 ml of 168 reverse osmosis water. The suspended sediment was analyzed from eight water samples collected at T=120-169 520 NTU and mixed gently just prior to the analysis. As a pre-treatment, all samples were dispersed by 170 exposing them to ultrasound for 5 minutes. Suspended sediment was also analyzed in the flocculated form 171 without the pre-treatment. Dispersed suspended sediment contained on average 40% of clay (<2 μm) and 172 60% of silt (2-60 μm). The uppermost 5 cm of the bed sediment contained 11-14% of clay, and 83-97% was 173 comprised of particles finer than 57 μm. The dry bulk density of the floodplain sediment (735 kg/m 3 ) was 174 determined to compute the deposition mass balance from the cross-sectional and continuous data. The 175 organic content was approximately 10% for the floodplain and bed sediment, and 15-43% for the suspended 176 sediment. 177
Determination of vegetation properties 178
Vegetation on the bank, inner floodplain, and interface ( level. At overbank flows, the various factors contributing to the total resistance (n tot ) are lumped into two 240 resistance coefficients: n veg generated by the floodplain vegetation, and n base for the remaining factors (Fig.  241 2). n base was obtained from overbank flow data of the entire test reach in spring 2010 when the floodplain was 242 still completely bare. The shares of the total resistance generated by n veg and n base (see Fig. 2) were 243 determined by assuming linear superposition of the corresponding stresses according to e.g. Yen (2002). Our 244 analyses showed that the floodplain vegetation strongly dominated the total resistance, and thus we focused 245 on the estimation of n tot . The main source of error for n was the measured water surface slope, and the mean 246 errors in head loss were estimated to be ±10 mm and ±4 mm for the test reach and the sub-reaches, 247
respectively. With the mean head losses of 189 mm and 14.2 mm, the mean errors in n were estimated to be 248 3% and 14% for the test reach and the sub-reaches, respectively. 249
The data of the autumn 2011 allowed us to compute the dimensionless mean flow velocities within the 250 vegetation (u known B X and calibrated C*. The performance of the model was assessed using the root mean square error 272 and the Nash-Sutcliffe efficiency (R eff = 1 -(n tot,mes,i -n tot,pred,i ) 2 / (n tot,mes,i -n tot ,mes,mean ) 2 where n tot,mes,i , 273 n tot,pred,i , and n tot ,mes,mean refer to the ith measurement, the ith prediction, and the average of the measurements, 274 respectively). Subsequently, we investigate the flow resistance modeling in the two-stage context. Fig. 3a shows the 293 average floodplain water depth of the five sub-reaches as a function of the discharge, illustrating the effect of 294 the seasonally varying vegetative conditions (Fig. 3b) . Fig. 3c plots the experimentally obtained Manning's n 295 in the sub-reaches. The resistance coefficient of the small main channel (n mc ) varied between the sub-reaches 296 and reached values above 0.1, because some sub-reaches had irregular geometry, fluffy bottom sediment, 297 10 woody debris, and some aquatic vegetation. In addition, notable seasonal variation occurred in n mc . At 298 overbank flows (h>0 m), n tot was clearly higher in autumn when the grasses were fresh and the willows 299 foliated as opposed to the following spring when the grasses were wilted and the willows leafless. The 300 resistance coefficient of the unvegetated channel (n base , see Fig. 2 ) was 0.027-0.037 at the mean relative flow 301 depth (floodplain depth divided by total depth) of 0.25-0.53, i.e., at conditions ranging from low to almost 302 full submergence of the floodplain. Floodplain vegetation generated on average 89% of the total resistance 303 (see Fig. 2 ) as derived with the mean values of n tot =0.088 from Fig. 3c and n natural grasses than in the current sub-reaches, and showed that the dependence of n tot on the relative 327 submergence disappears at h/H >3…5. The overall scatter in the n tot -h/H plot (Fig. 3d) p<0.001 for B X >0.2). Exponential regressions for the different sub-reaches indicated that the grassy sub-334 reaches behaved similarly whereas the increase in n tot with B X was notably lower for the leafless and foliated 335 willows. For the grasses, no notable differences in the n tot -B X relationship were observed between the 336 seasons or between the emergent (h/H<1.0) and submerged (h/H>1.0) conditions. The overall dependence of 337 n tot on m D and m W was weaker than for B X even though the values represented a single season, which was 338 related to the variation in C D a between the sub-reaches (Fig. 5) . With aH being linearly dependent on the dry 339 mass (Eq. 1), the C D a values indicated that a certain inundated mass corresponded to different height and 340 blockage factor in Grasses-N and -D, explaining the variation in the regressions between these two sub-341 reaches (Figs. 4a-b) . For Willows-M, C D a in the layers above the grassy stubble (h>0.05 m) was an order of 342 magnitude lower than for the grassy sub-reaches (Fig. 5) . 343
The differences in C D a between the sub-reaches caused the computed velocities within the vegetation (u* v in 344
Eq. (4)) to be of the same order of magnitude than those of the unvegetated segment (u* 0 in Eq. (3)) for the 345 willows, whereas u* v was an order of magnitude lower than u* 0 for the grassy sub-reaches. Thus, the sudden 346 reduction in C D a at the Willows-M and Bare-M sub-reaches enabled diverging flows from the main channel 347 to the floodplain. The share of the discharge within the vegetation was on average 8% of the total for the 348 grassy sub-reaches and 42% for the willows, and this difference was likely higher in the spring when the 349 grasses were bent and the willows leafless. Thus, the grassy sub-reaches fulfilled the prerequisite for Eq. For low values of the blockage factor (B X =0-0.2), large scatter was observed in n tot (Fig. 4c) . The scatter 369 reflected the differences in n mc between the seasons and the sub-reaches (Fig. 3c) because n tot was strongly 370 dependent on n mc at these low blockages (r=0.70, p =0.024 for B X <0.2). Thus, it is important to take into 371 account the main channel resistance when the vegetative blockage is low. In this two-stage geometry, B X <0. 
